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Abstract

Pre-existent cardiovascular disease is a risk factor for weak anti-viral immunity, but underlying 

mechanisms remain undefined. Here, we report that patients with coronary artery disease (CAD) 

have macrophages (Mϕ) that actively suppress the induction of helper T cells reactive to two 

viral antigens: the SARS-CoV2 Spike protein and the Epstein–Barr virus (EBV) glycoprotein 

350. CAD Mϕ overexpressed the methyltransferase METTL3, promoting the accumulation 

of N⁶-methyladenosine (m6A) in Poliovirus receptor (CD155) mRNA. m6A modifications 

of positions 1635 and 3103 in the 3’UTR of CD155 mRNA stabilized the transcript and 

enhanced CD155 surface expression. As a result, the patients’ Mϕ abundantly expressed the 

immunoinhibitory ligand CD155 and delivered negative signals to CD4+ T cells expressing CD96 

and/or TIGIT receptors. Compromised antigen-presenting function of METTL3hi CD155hi Mϕ 
diminished anti-viral T cell responses in vitro and in vivo. LDL and its oxidized form induced 

the immunosuppressive Mϕ phenotype. Undifferentiated CAD monocytes had hypermethylated 

CD155 mRNA, implicating post-transcriptional RNA modifications in the bone-marrow in 

shaping anti-viral immunity in CAD.

Pre-existing cardiovascular diseases, such as hypertension, coronary artery disease (CAD), 

cardiac arrhythmias and congestive heart failure, are strong risk factors for severe viral 

disease, complicated by high morbidity and mortality rates1,2. Also, individuals with 

cardiovascular co-morbidities fail to respond adequately against vaccines3. Poor anti-viral 

immunity in CAD patients has been exemplified during the recent SARS-CoV2 pandemic, 

where a history of CAD was associated with severe symptoms1. CAD patients generate 

weak immune responses against varicella zoster virus4 and chronic Epstein Barr virus 

infection has been associated with cardiovascular disease5,6. While the relationship between 

viral immunity and progression of atherosclerotic disease remains insufficiently understood, 

*Corresponding author: Cornelia M. Weyand, Department of Medicine, School of Medicine, Stanford University; 
cweyand@stanford.edu.
Authors’ Contributions
Conceptualization, CMW, JJG; Formal Analysis, TVZ, ZH; Investigation, TVZ, ZH, SO, KJ, BW, GJB; Patient recruitment, RLF, 
GJB; Writing-original, CMW, JJG, TVZ; Supervision, CMW, JJG, GJB; Funding Acquisition, CMW, JJG.

Declaration of Interests: The authors have declared that no conflict of interest exists.

HHS Public Access
Author manuscript
Nat Cardiovasc Res. Author manuscript; available in PMC 2023 February 28.

Published in final edited form as:
Nat Cardiovasc Res. 2022 July ; 1(7): 634–648. doi:10.1038/s44161-022-00096-8.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the recent pandemic has made clear that a better understanding of protective immunity 

is needed to inform therapeutic management of virally infected patients with pre-existent 

cardiovascular disease.

Protection against and clearance of viral pathogens depends on the induction of adaptive 

immunity, in particular, priming and expansion of CD4+ T cells that help antibody-

producing B cells and virus-specific CD8+ killer T cells7. SARS-CoV-2 specific CD4+ 

T cells are detected in the peripheral blood of all COVID-19 convalescent patients8. 

Patients who have recovered from COVID-19 infection carry CD4+ T cells with specificity 

for the viral spike and nucleocapsid antigens9. A subset of individuals testing negative 

for SARS-CoV-2 possess such CD4+ T cells, probably induced by the endemic human 

coronaviruses that cause upper and lower respiratory tract infections in children and adults. 

Similarly, CD4+ T cells are critical in protecting the host against deleterious effects of EBV 

infection10.

Patients with coronary artery disease (CAD) have abnormalities in their innate and adaptive 

immune system. Transcriptomic and cytometric single cell analysis of atherosclerotic plaque 

lesions has identified T cells and macrophages (Mϕ) as the dominant tissue-residing cell 

types (10% Mϕ, 65% T cells, the majority being CD4+ T cells11). The precise contribution 

of CD4+ T cells in inducing and sustaining atherosclerosis is not well defined, but CAD 

patients have expanded clonotypes of IFN-γ high-producing CD4+CD28− T cells12. These 

CD4+ T cells are cytotoxic towards endothelial cells, jeopardizing vascular integrity13. 

Besides their role as tissue-destructive effector cells and their contribution in lipid uptake, 

Mϕ serve as antigen-presenting cells, a pinnacle position in the induction of adaptive 

immunity. Mϕ from CAD patients suppress antiviral T cell immunity due to aberrant 

expression of the co-inhibitory ligand PD-L114. Whether this defect has relevance in 

COVID-19 infection and in persistent EBV infection is unknown.

Like other professional antigen-presenting cells, Mϕ express an array of co-stimulatory and 

co-inhibitory ligands that influence communication with interacting T cells. Mϕ critically 

regulate the balance of T cell activation, tolerance, and immunopathology by delivering 

activating and suppressive signals, with PD-L1 and the poliovirus receptor (PVR, CD155) 

instructing T cells to abort their activation program. CD155, a transmembrane glycoprotein 

from the nectin-like family of proteins is typically expressed on monocytes, Mϕ and myeloid 

dendritic cells15 and binds to three receptors on the surface of T cells and NK cells to 

transmit a stop signal: TIGIT (T cell immunoreceptor with Ig and ITIM domains), CD96 

and CD22616. Tumor cells abundantly express CD155 promoting immune-evasive strategies, 

supporting a role for CD155 in anti-tumor immunotherapy17.

The intensity of T cells activation ultimately depends on the stimulatory/inhibitory 

ligand balance on APC, subject to transcriptional or posttranscriptional regulation. mRNA 

modifications are recognized as major posttranscriptional processes determining gene 

expression18. As the most prevalent reversible modification on mRNA, N6–methyladenosine 

(m6A) regulates transcript stability, alternative splicing and translation18,19. Controlled by a 

group of regulatory proteins subdivided into “writer”, “reader” and “eraser” proteins, m6A is 

relevant for multiple cell types20. M6A is generated when the METTL3/METTL14 /WTAP 
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complex adds a methyl group at position N6 of adenosine21. In mice, METTL3 deficiency 

leads to embryonic lethality22. The METTL3-mediated m6A modification controls tumor 

proliferation and invasion23. In the cardiovascular system, METTL3 has relevance in 

cardiomyocyte remodeling and hypertrophy24. METTL3 promotes macrophage polarization 

towards the pro-inflammatory M1 subtype by methylation of STAT1 mRNA25 and supports 

dendritic cell maturation26.

Here, we define molecular mechanisms underlying the deficit of cardiovascular disease 

patients to generate protective anti-viral immunity. CAD patients failed to induce CD4+ T 

cell responses against SARS-CoV2 and EBV antigens, a condition sine qua non for effective 

and sterilizing host protection. COVID19 vaccination could not repair the inability of CAD 

patients in expanding anti-SARS-CoV-2 reactive T cells. The immune defect derived from 

inadequate viral antigen presentation by Mϕ, caused by inappropriate expression of the 

inhibitory ligand CD155. CD155hi antigen-presenting cells dampened induction of adaptive 

immunity by ligating the inhibitory receptors TIGIT and CD96 on memory CD4+ T cells. 

Excess CD155 expression was a function of prolonged mRNA stability, downstream of 

the highly active methyltransferase METTL3 and enrichment of m6A-modified CD155 
mRNA. siRNA-mediated suppression of CD155 and METTL3 as well as CD155-blocking 

antibodies were effective in deregulating CD155 mRNA hypermethylation. METTL3hi 

expression occurred early in the life cycle of monocytes /macrophages. The data define 

antigen-presenting Mϕ as critical effectors in anti-viral immunity, mechanistically link 

host protection to RNA epigenetics, and specify m6A editing as a rate-limiting step in 

the induction of protective immunity. Targeting m6A regulators to control the CD155 

immune checkpoint holds promise for improved management of viral infection in high-risk 

individuals.

Results

Patients with CAD fail to generate anti-viral T cell responses

We developed an ex vivo assay system to probe the ability of CAD patients and healthy, 

age-matched controls to induce SARS-CoV2 specific and EBV specific T cells. Peripheral 

blood mononuclear cells (PBMC) from patients and control individuals were pulsed with a 

mixture of the two major SARS-CoV2 antigens, SARS-CoV2 spike (S) and nucleocapsid 

(N) proteins. In parallel, PBMC were stimulated with EBV Glycoprotein gp350, the most 

abundant glycoprotein expressed on the EBV envelope and the major target for neutralizing 

antibodies. We assessed the robustness of anti-viral T cell responses by monitoring 

the accumulation of secreted IFN-γ (Fig.1a). SARS-CoV2-induced IFN-γ concentrations 

averaged at 98 pg/ml in cultures from healthy individuals, but CAD patients produced only 

43 pg/ml (Fig.1b, Extended Data Fig.1b). Also, antigen-reactive T cells defined by the 

co-expression of CD69 and CD40L36 were quantified by flow cytometry (Extended Data 

Fig.1a). On day 5 post antigen stimulation, 0.77% of healthy T cells had the CD3+ CD69+ 

CD40L+ phenotype, while this population was only half the size in CAD patients (Fig.1c). 

Comparison of CD69+ CD40L+ frequencies within the CD4+ and CD8+ subpopulations 

assigned the blunted response of CAD patients to the CD4+ subset (Extended Data 

Fig.1c). In freshly harvested cell populations, CAD patients and healthy controls had a 
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similar distribution of CD4+ and CD8+ T cell subtypes (Extended Data Fig.1d). T cells 

responding to SARS-CoV2 antigens had a memory phenotype, compatible priming during 

infection with related corona viruses (Extended Data Fig.1e–1f). Frequencies of Spike 

antigen-reactive T cells were twice as high as Nucleocapsid-reactive T cells, and only Spike 

protein stimulation induced significantly higher responses in controls than in CAD patients 

(Extended Data Fig.1g–1h).

To test whether this impaired antigen response was specific for SARS-CoV2 protein or had 

relevance for other viral antigens, we examined T cell responses to the Epstein – Barr virus 

(EBV) glycoprotein gp350. The EBV glycoprotein outperformed the SARS-CoV2 antigen 

and induced an average of 559.2 pg/ml of IFN-γ in healthy responders (Fig.1d). Again, 

the cells from CAD patients failed to reach comparable IFN-γ production, but only yielded 

about 240 pg/ml (Fig.1d). After 5 days of EBV antigen stimulation, healthy individuals 

recruited 3.27% of CD69+CD40L+T cells, almost 2-fold higher frequencies than the 1.77% 

in CAD patients (Fig.1e).

We tested whether improved antigen presentation could overcome defective T cell 

responsiveness by preloading fully differentiated Mϕ with S antigen. Pre-loaded Mϕ 
provoked robust IFN-γ production in healthy T cells but elicited a blunted reaction in 

patient-derived T cells (Fig.1f). Healthy individuals generated an excellent recall response, 

while CAD T cells failed to expand (Fig.1g). Healthy Mϕ pre-loaded with EBV antigen 

induced strong IFN-γ release, unmatched by the patients (Fig.1h). Patients recalled EBV-

specific T cells at about 50% of the frequencies encountered in healthy controls (Fig.1i).

To establish relevance of these observations for in vivo anti-viral immunity, we investigated 

anti-SARS-CoV2 T cell responses in immunodeficient NSG mice. NSG were reconstituted 

with T cells and macrophages from either healthy individuals or CAD patients (Extended 

Data Fig.2a) and immunized with viral protein. Adoptive transfer of antigen-loaded Mϕ 
prompted expansion of a population of CD4+ CD38+ T cells in the spleen (Fig.1j) 

(Extended Data Fig.2b–2c). Direct comparison of CD4+CD38+ T cell frequencies induced 

by antigen-loaded and vehicle-loaded Mϕ established specificity of the response. Mice 

reconstituted with healthy T cells and injected with antigen-carrying Mϕ accumulated 2.24% 

of CD4+CD38+ T cells in their spleen. In contrast, chimeras reconstituted with CAD T cells 

mobilized only 1.19% of CD4+CD38+ T cells (Fig.1j).

The Pfizer-BioNTech (BNT162b2) and Moderna (mRNA-1273) mRNA COVID-19 vaccines 

induce measurable T cell responses to Spike protein37,38. To examine whether COVID-19 

vaccination can assist CAD patients to generate adequate T cell immunity to SARS-CoV2 

antigens, we recruited fully vaccinated healthy controls and CAD patients. Strikingly, 

IFN-γ production was twice as high in the vaccinated compared to the non-vaccinated 

healthy individuals (Fig.1k). Also, Spike-reactive CD69+CD40L+ T cells reached ~3% of 

CD4+ T cells, 3-fold higher than the ~1% frequencies measured in non-vaccinated healthy 

donors (Fig.1l). Vaccination with the mRNA-based vaccines did not significantly change the 

frequency of anti-SARS-CoV2-reactive T cells in CAD patients. Vaccination slightly, but 

non-significantly boosted IFN-γ production (Fig.1k). In a cohort of 20 post-vaccine CAD 
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patients, 17 patients had frequencies of Spike-induced CD69+CD40L+ T cells of less than 

1% (Fig.1l).

Together, these data identified a population of IFN-γ-producing CD4+ memory T cells that 

proliferated when recognizing viral antigens. In CAD patients, anti-viral CD4+ T cells were 

poorly responsive to SARS-CoV2 and EBV antigens and vaccination with an mRNA-based 

vaccine could not overcome the defect.

CAD Mϕ overexpress the immunoinhibitory ligand CD155

The intensity and durability of antigen-specific T cell responses depends on antigen 

recognition but is critically influenced by the co-stimulatory and co-inhibitory signals 

delivered by the antigen-presenting cell39. We profiled the transcriptome of Mϕ derived 

from patients and controls for 12 co-stimulatory and co-inhibitory molecules (Fig.2a and 

Extended Data Fig.4a). Transcripts for PD-L1 and CD155 were significantly increased in 

CAD Mϕ, but CD155 displayed the most robust difference. Flow cytometric analysis of 

control and CAD Mϕ confirmed high surface expression of CD155 (Fig.2b). Confocal 

imaging of CD155 demonstrated high expression of the protein in the cytoplasm and 

on the cell surface in CAD Mϕ (Fig.2c). We explored whether Mϕ residing in the 

atherosclerotic plaque have a CD155hi phenotype. Dual color immunohistochemistry of 

atheroma tissue placed CD155 exclusively on CD68+ Mϕ (Fig.2d). Plaque-residing Mϕ 
are a heterogenous population18. To understand which Mϕ subtypes express CD155, we 

digested the atherosclerotic arteries and utilized multiparametric flow cytometry to define 

relevant cell populations (Extended Data Fig.3a). Based on the expression pattern of the 

antigen-presenting molecule HLA-DR and the Mϕ marker CD206, tissue-derived CD45+ 

CD68+ cells fell into 4 clusters; two of which expressed HLA-DR and where therefore 

capable of antigen presentation (Extended Data Fig.3b). HLA-DRhi CD206neg and HLA-

DRint CD206pos tissue Mϕ were both strongly positive for CD155 (Extended Data Fig.3c). 

Conversely, HLA-DRneg tissue Mϕ, including a CD206pos and CD206neg population, lacked 

CD155 expression. Accordingly, polarization of monocyte-derived CAD Mϕ with either 

LPS plus IFN-γ (M1-like Mϕ) or IL-4 (M2-like Mϕ) aligned CD155 expression to the 

pro-inflammatory phenotype (Extended Data Fig.3d).

To define the functional impact of CD155hi expression on CAD Mϕ, we analyzed whether 

the abundance of CD155 on Mϕ has relevance for anti-viral T cell immunity. CD155 

expression on the Mϕ surface negatively correlated with antigen-induced IFN-γ production 

(Fig.2e). Further, we suppressed CD155-dependent signaling through CD155 blocking 

antibodies or by CD155 knockdown (Extended Data Fig.4b–4c). T cells responding to 

viral antigens were quantified as the measure of functional outcome. Both strategies 

successfully restored the ability of CAD Mϕ to activate anti-viral T cells (Fig.2f–2m). 

Blocking CD155 on patients Mϕ restored antigen-presenting function but CD155 blockade 

of healthy Mϕ had no impact on T cell responsiveness (Extended Data Fig.4d–4k). For both, 

SARS-CoV2 and EBV antigens, anti-CD155 blocking antibodies improved antigen-induced 

IFN-γ production to the level of normal controls (Fig.2f–2g) and brought CAD T cell 

yield into the normal range (Fig.2h–2i). Knockdown of CD155 was similarly successful, 
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normalizing the frequencies of IFN-γ release and CD4+ CD69+ CD40L+ T cells (Fig.2j–

2m).

To expand these findings to in vivo conditions, we injected NSG mice with CAD Mϕ, T 

cells and SARS-CoV2 antigen (Extended Data Fig.2a). CD155 knockdown in Mϕ prior 

to the adoptive transfer enhanced the activation and expansion of antigen-reactive T cells 

more than 4-fold (Fig.2n). Both ex vivo and in vivo, correcting CD155 overexpression was 

sufficient to restore CD4+ T cell reactivity against SARS-CoV2 antigen to a level seen in 

healthy controls. These data implicated the immunoinhibitory ligand CD155 in suppressing 

anti-viral T cell immunity and mapped the immune defect in CAD patients to Mϕ.

Inhibitory receptors of CD155 accumulate on memory T cells

CD155 delivers a negative signal to T cells by binding to the ITIM motif-containing 

receptors TIGIT and CD9616. To identify T cells capable of recognizing CD155, we 

analyzed CD4+ memory T cell populations for the expression of TIGIT and CD96. Naive 

CD4+ T cell and resting CD4+ memory populations were essentially negative for both 

receptors (Fig.3a–3b). T-cell receptor-mediated stimulation resulted in robust upregulation 

of TIGIT and CD96 transcripts and protein (Fig.3a–3e), starting 72 hrs post stimulation.

To analyze the expression patterns of T cell receptors mediating inhibitory signals, we 

used multi-parametric flow cytometry for CD96, TIGIT, PD-1 and CD226 on stimulated 

CD4+ memory T cells from patients and controls. UMAP plots revealed partly overlapping 

expression of TIGIT and CD96 on activated T cells. Besides the CD4+ TIGIT+ CD96+ T 

cell subset, we found a subpopulation of TIGIT+ CD96neg cells (Fig.3c–3d). CD4+ TIGIT+ 

CD96− T cells and CD4+CD96+TIGIT+ double positive T cells accounted for about 15% 

on day 3 and 20% on day 5 (Fig.3c–3d). Some of the TIGIT+ CD96+ cells also expressed 

PD-1 (Fig.3e). In contrast, CD226+ T cells belonged to a separate cluster (Fig.3f). Thus, 

about 1/4 of the memory T cell population possesses receptors capable of interacting with 

CD155, being susceptible to negative signaling delivered by CD155hi expressing Mϕ. The 

distributions of CD4+ T cell clusters expressing CD96, TIGIT, PD-1 and CD226 were 

indistinguishable in patients and controls.

We asked whether CD4+ T cells activated by viral protein fell into the TIGIT+CD96+ subset, 

thus being receptive to the inhibitory signals from CD155hi Mϕ. We sorted CD40L+ T cells 

after SARS-CoV2 antigen stimulation for 5 days. Total CD4+ T cells were purified to serve 

as a control. TIGIT and CD96 transcripts were highly enriched amongst antigen-reactive, 

CD40L-expressing T cells, with 3- or 4- fold higher prevalence compared to the overall 

CD4+ T cell pool (Fig.3g–3h). Thus, antigen stimulation upregulates the inhibitory receptors 

CD96 and TIGIT in CD4+ T cells, rendering them vulnerable to negative signaling from 

CD155+ antigen-presenting cells.

N6-methyltransferase METTL3 stabilizes CD155 mRNA in CAD Mϕ

To identify and characterize mechanisms underlying the CD155hi phenotype in CAD Mϕ, 

we determined CD155 mRNA stability through an actinomycin D-dependent RNA decay 

assay40. CD155 mRNA turnover was high, with half of the transcripts being degraded within 

3–4 hours (Fig.4a). In CAD Mϕ, the half-life of CD155 mRNA was significantly prolonged, 
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with 50% of transcripts still available after 6 hrs, suggesting that CD155 overexpression on 

CAD Mϕ was a consequence of increased RNA stability.

mRNA modifications have been implicated in regulating mRNA stability and fate21. 

Specifically, the most abundant mRNA modification, N6-Methyladenosine (M6A), 

determines target mRNA concentrations by affecting RNA stability, decay, and alternative 

splicing20. The M6A process is reversible and requires 2 different components: the 

“writer” N6-methyltransferase complex which catalyzes the formation of m6A while the 

“eraser” demethylases reverse the methylation. We profiled gene expression patterns for 

12 common M6A-related genes, including ‘writers’, ‘readers’ and ‘erasers’ (Fig.4b). Most 

genes were expressed at similar abundance in control and CAD Mϕ, but transcripts for 

the writer METTL3, the only methylase in the N6-methyltransferase complex41, were 

significantly higher in CAD Mϕ (Fig.4c). Immunoblotting confirmed two-fold higher 

protein concentrations of METTL3 in CAD compared to healthy Mϕ (Fig.4d). To evaluate 

METTL3 expression in tissue residing Mϕ within the atheroma, we applied dual color 

immunohistochemistry. METTL3 was highly expressed in plaque infiltrating CD68+ Mϕ. 

Most of the enzyme localized to the nucleus (Fig.4e).

To understand the expression pattern of METTL3 in atherosclerotic arteries, we performed 

multiparametric flow cytometry of Mϕ isolated from atherosclerotic arteries (Extended Data 

Fig.3a). Again, HLA-DRhi CD206neg and HLA-DRint CD206pos tissue Mϕ stained strongly 

positive for METTL3 (Extended Data Fig.6a). t-SNE visualization of plaque-residing 

Mϕ confirmed the overlap of METTL3, CD155 and HLA-DR expression on CD206neg 

Mϕ (Fig.4f), assigning antigen presentation to Mϕ recognized for their proinflammatory 

features42.

To mechanistically connect METTL3-dependent M6A to CD155 mRNA stability, we used 

siRNA technology to knock down Mϕ METTL3 (Extended Data Fig.6b–6c). The culture 

and knockdown of METTL3 did not make a difference in the survival of Mϕ between 

groups (Extended Data Fig.5a–5h). Reducing METTL3 availability promptly lowered Mϕ 
CD155 mRNA concentrations (Fig.4g) and protein expression (Fig.4h, Extended Data 

Fig.6d). Confocal imaging of Mϕ transfected with control or METTL3 siRNA confirmed 

the dependency of CD155 expression on the methyltransferase (Fig.4i). Similarly, treat Mϕ 
with m6A inhibitor 3-deazaadenosine (3-DAA) also lead to a reduction of CD155 transcript 

level and protein accumulation in Mϕ (Extended Data Fig.6e–6f).

The m6A modification is most likely to occur in a DRACH (D=A, G or U; H=A, C or 

U) consensus motif. To identify potential DRACH sites in CD155 mRNA, we analyzed the 

CD155 sequence with the m6A prediction server SRAMP32 and searched Me-RIP sequence 

data obtained from the human monocytic cell lines monomac-6 (GSE7641433) and Nomo-1 

(GSE87190)34; yielding 6 potential sites with high confidentiality scores (Extended Data 

Fig.6g and Supplementary Table 1). All 6 DRACH sites were localized in the 3’-UTR 

region of CD155 mRNA (Fig.5a). To interrogate site-specific m6A, we applied a RT-PCR 

based system35 which relies on the m6A-dependent suppression of retrotranscription with 

Bst enzyme but not with MRT enzyme (Fig.5a). This approach mapped highly methylated 

sites to positions 1635A and 3103A of CD155 mRNA in CAD Mϕ (Fig.5b–5c). Site-specific 
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mutations followed by dual-luciferase reporter assays provided strong support for functional 

relevance of m6A modification at the two positions (Fig.5d). Luciferase activity for a 

reporter carrying the CD155 3’UTR wild-type region was higher in patient-derived versus 

healthy Mϕ. After the two m6A sites were mutated, luciferase activity was indistinguishable 

in control and CAD Mϕ (Fig.5e–5f). METTL3 knockdown in CAD Mϕ eliminated the 

difference in luciferase activity, confirming the relevance of methylation in controlling 

CD155 mRNA expression (Fig.5g–4h).

To further evaluate the contribution of m6A modification on CD155 mRNA stability, we 

performed a m6A RNA immunoprecipitation (Me-RIP) assay using m6A capture antibodies 

(Extended Data Fig.6h). In healthy Mϕ, the m6A modification of CD155 mRNA was barely 

detectable (Fig.5i). In contrast, m6A capture antibodies successfully pulled down CD155 
mRNA in CAD Mϕ (Extended Data Fig.6i). Capture with IgG isotype control antibodies 

yielded no differences in CD155 mRNA pulldown (Extended Data Fig.6i). Knockdown 

of METTL3 in patient-derived Mϕ eliminated the enrichment of m6A-modified CD155 
mRNA (Fig.5j, Extended Data Fig.6j). Suppressing m6A generation by either using the 

m6A inhibitor 3-DAA or by knocking down METTL3, effectively accelerated the decay of 

CD155 RNA (Fig.5k). These data identified METTL3 as a regulator of CD155 mRNA 

stability and implicated m6A RNA methylation in determining the antigen-presenting 

capacity of Mϕ.

METTL3 controls anti-viral T cell responses

Association of the METTL3hi CD155hi phenotype in CAD Mϕ with impaired anti-SARS-

CoV2 T cell responses raised the question whether METTL3 ultimately controls the 

intensity and intactness of adaptive anti-viral immunity. Correlative studies indicated that 

the amount of METTL3 protein on Mϕ negatively correlated with the release of anti-viral 

IFN-γ in each patient tested (Fig.6a). To examine the role of METTL3-dependent m6A 

in regulating the antigen-presenting function of Mϕ, we quantified the induction of anti-

viral-reactive T cells before and after METTL3 knockdown. Reducing the concentration 

of METTL3 mRNA by 50% in healthy Mϕ had no impact on the expansion of both 

SARS-CoV2 and EBV responsive T cells (Extended Data Fig.7a–7d) in the in vitro 

antigen presentation assay. In contrast, transfection of CAD Mϕ with METTL3 siRNA 

profoundly changed the ability of these Mϕ to present viral proteins and stimulate 

T cells (Fig.6b–6e). METTL3 knockdown disrupted the immunoinhibitory function of 

CAD Mϕ and increased both the production of IFN-γ (Fig.6b–6c) and the frequency of 

CD40L+CD69+ CD4+ T cells (Fig.6d–6e) in cultures primed with both viral antigens. 

Treatment of antigen-presenting Mϕ with the M6A inhibitor 3-DAA normalized antigen 

responsiveness and IFN-γ release of patient-derived T cells (Fig.6f–6i) but did not make a 

difference in control cells (Extended Data Fig.7e–7h). The beneficial effects of inhibiting 

the methyltransferase activity of METTL3 were maintained in vivo. Suppression of m6A 

modification in Mϕ through METTL3 knockdown prior to their adoptive transfer restored 

the induction of antigen-driven T cell responses indicated by the expansion of CD4+CD38+ 

T cells in the spleens of antigen-immunized NSG mice (Fig.6j). Taken together, these 

data indicate that excess methylation of CD155 mRNA due to inappropriate expression 
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of the methyltransferase METTL3 weakens the induction of antigen-specific T cells and 

undermines host protective immune responses against viral antigens.

LDL induces the METTL3hiCD155hi phenotype in CAD monocytes

The METTL3hiCD155hi phenotype is shared by ex vivo differentiated Mϕ and tissue 

residing Mϕ in the atherosclerotic plaque. To explore how and when end-differentiated Mϕ 
are reprogrammed to overexpress METTL3, we examined bone-marrow derived circulating 

CD14+ monocytes. Transcriptomic and flow cytometric analysis confirmed the CD155hi 

phenotype in CD14+ CAD monocytes (Extended Data Fig.8a–8c). Also, CD14+ monocytes 

shared with Mϕ the METTL3hi phenotype and immunoblotting demonstrated 2-fold higher 

amounts of METTL3 protein in patient-derived cells (Extended Data Fig.8d–8e). We 

determined CD155 mRNA stability through an actinomycin D-dependent RNA decay assay 

(Extended Data Fig.8f). The CD155 mRNA half-life was significantly longer in CAD 

monocytes versus healthy controls. Quantification of m6A-modified CD155 mRNA by m6A 

RNA immunoprecipitation (Me-RIP) assay demonstrated significant enrichment of CD155 
mRNA bound by the capture antibodies in patient-derived cells (Extended Data Fig.8g). 

These results confirmed persistence of the reprogramming process from precursor cells to 

mature Mϕ and guided the search for METTL3 inducers to the bone marrow environment.

In the first series of experiments, we explored whether serum lipids can induce CAD 

monocytes to acquire the METTL3hi CD155hi phenotype, similar to the process in which 

bone marrow myeloid cells undergo epigenetic and functional changes that enhance immune 

activation upon re-exposure43. To mimic physiologic conditions, healthy monocytes were 

cultured in plasma samples with varying concentrations of LDL, HDL, and triglycerides 

(TG). The priming effect was assessed by quantifying METTLE3 and CD155 mRNA 

transcripts after 48 hr. Correlative analysis between LDL and TG levels and transcript 

expression for METTL3 and CD155 pointed towards LDL as a possible “primer”, whereas 

plasma high in TG failed to affect METTLE3 and CD155 mRNA pools (Fig.7a–7d). 

In subsequent experiments, we utilized individual stimuli known to function as potent 

monocyte activators. Two stimuli effectively transformed healthy monocytes into METTL3hi 

CD155hi cells (Fig.7e–7f). Exposure to LDL and oxidized LDL was sufficient to induce high 

abundance of both METTL3 and CD155 transcripts. There was a trend for LPS to function 

as an inducer of the two mRNAs, but all other stimuli were ineffective (Fig.7e–7f).

To investigate whether oxLDL regulates the ability of Mϕ to present viral antigens, we 

treated healthy Mϕ with oxLDL for two days before loading them with viral antigens. T cell 

reactivity to control and oxLDL-pretreated antigen-presenting cells was assessed through 

IFN-γ production (Fig.7g–7h) and mobilization of CD69+CD40L+ T cells (Fig.7i–7j). 

oxLDL pretreatment was sufficient to suppress T cell responses to both, the SARS-CoV2 

and the EBV antigen

In summary, the reprogramming of CAD Mϕ begins early in their life cycle by affecting 

their precursor cells. A well-known metabolic abnormality in CAD, the increase in LDL 

and oxidized LDL, appears to have marked functional impact on antigen-presenting cells by 

altering mRNA methylation.
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Discussion

Coronary artery disease is independently associated with an increased risk of in-hospital 

death amongst individuals infected with SARS-CoV2, but mechanisms underlying the 

inability of CAD patients to mount protective immune responses are poorly understood. 

By probing the competence of CAD patients to mobilize T cell immunity against Spike 

and nucleocapsid antigens, we have defined a defect in antigen-presentation caused 

by inappropriate expression of the co-inhibitory ligand CD155. CD155hi CAD Mϕ 
engaged CD4+ CD96+ and CD4+ TIGIT+ memory T cells, delivering an inhibitory 

signal that essentially disrupted the clonal expansion of antigen-reactive CD4+ T cells. 

Proliferative inhibition of anti-viral CD4+ T cells extended to the release of IFN-γ, a 

key protective factor in anti-viral immunity. We have defined the mechanisms underlying 

the functional reprogramming of CAD macrophages, rendering the defect druggable. 

Specifically, inappropriate expression of the methyltransferase METTL3 equipped CAD 

Mϕ to accumulate N6-adenosine-modified and stabilized CD155 mRNA, translating into 

a CD155hi phenotype (Fig.8). Abnormal CD155 mRNA methylation was already present 

in Mϕ precursor cells and persisted in tissue-infiltrating Mϕ populating the atherosclerotic 

lesion. Oxidized LDL and LPS functioned as potent inducers of METTL3, linking the 

metabolic abnormalities of CAD to epigenetic interference resulting in impaired antigen-

presenting function and T cell hyporesponsiveness. The inability to generate protective 

immunity against Spike protein extended to the EBV glycoprotein 350, identifying the 

underlying mechanisms as a fixed signature in the patients’ immune system. Our data 

delineate a possible immunotherapy for CAD patients to strengthen anti-viral immunity and 

protect these patients from chronic infection, morbidity, and mortality.

Besides their role as antigen-presenting cells, Mϕ function as critical effector cells in 

the atherosclerotic plaque where they are the prime cellular partner of tissue-infiltrating 

T cells11 and hold a key position as inflammatory amplifiers. The effector portfolio of 

increased inflammatory potential combined with suppressed antigen-presenting function 

appears to be specific for CAD Mϕ44. Specifically, Mϕ from CAD patients differ 

from those in autoimmune vasculitis by enhanced production of chemokines (CXCL10) 

and cytokines (IL-6), excluding host inflammation as the underlying cause of Mϕ 
reprogramming. Prior studies have implicated bioenergetic regulation in rendering CAD 

Mϕ pro-inflammatory. Specifically, glucose and pyruvate have been described as drivers 

of excessive chemokine and cytokine production27,44, with mitochondrial ROS inducing 

posttranslational modifications of the glycolytic enzyme PKM2 and nuclear transition of 

“moonlighting” PKM2 to drive the cytokine hyperproducing state of CAD Mϕ27. Glucose 

had no role in turning CAD monocytes and Mϕ into METTL3 and CD155 high expressors, 

outlining several co-existent metabolic pathways modulating Mϕ function in cardiovascular 

disease.

Current data have emphasized the critical position of antigen-presenting Mϕ in enabling 

expansion of Spike-protein and EBV glycoprotein 350 reactive CD4+ T cells. Such T 

cells are a condition sine qua non to render the host immune against SARS-CoV2 and 

EBV infection9,45. CD4+ helper T cells are irreplaceable in supporting B cells to produce 

high affinity, neutralizing antibodies46. Profiling of co-stimulatory and co-inhibitory ligands 
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expressed by CAD Mϕ revealed differences exclusively for molecules delivering a negative 

signal and included both, PD-L1 and CD155. PD-L1 is well established as a regulator of 

anti-tumor T cells and is successfully targeted in immune checkpoint inhibitor therapy 

of cancer patients to unleash anti-tumor immunity47. Blockade of CD155 is currently 

explored as an alternative strategy to enhance T cell responses against tumor antigens48. The 

combined upregulation of PD-L1 and CD155 on CAD Mϕ amplifies the immunosuppressive 

functions of these cells and remains unopposed by co-stimulatory ligands, such as CD80, 

CD86 and CD40. PD-L1 and CD155 share the impact on anti-viral T cell responses. As 

previously described for the inhibitory effect of CAD Mϕ on the expansion of T cells 

specific for varicella zoster virus14, current data extend the defect in the induction of anti-

viral T cells to SARS-CoV2 and EBV. It is likely that this Mϕ-dependent immunodeficiency 

of CAD patients has relevance for other antigens, as IFN-γ production was effectively 

suppressed in all immune responses tested. However, upstream signals leading to aberrant 

PD-L1 and CD155 expression appear to be different. While the glycolytic breakdown 

product pyruvate effectively controls upregulation of PD-L1 transcription, CD155 mRNA 

was selectively induced by oxidized LDL and LPS. Thus, both ligands are differentially 

regulated by the cell’s metabolic microenvironment.

While the PD-L1hi phenotype of CAD Mϕ resulted from excess transcriptional activity, 

higher CD155 expression on the Mϕ surface was a consequence of altered mRNA 

stability. Patient’s cells accumulated N6-methyladenosine(m6A)-rich CD155 mRNA, 

pointing towards an epitranscriptomic mechanism determining Mϕ function. Formation of 

m6A in mRNA is now recognized as a potent modification to control gene expression 

in cellular differentiation and in cancer biology41. Remarkably, screening of healthy 

and CD155hi CAD Mϕ for m6A readers, m6A writer-complex components and erasers 

revealed a selective upregulation of METTL3 in the CAD patients’ cells. METTL3 is the 

methyltransferase that reversibly modifies mRNA to shape the epitransciptomic landscape49 

and regulate complex processes such as RNA nuclear export, translation efficiency and 

polyadenylation18. M6A modification has been described to play a role in the initiation and 

progression of human cancers, but there is limited information on METTL3’s contribution 

to cellular function of non-malignant cells. The methyltransferase promotes proliferation 

and fibroblast-to-myofibroblast transition in cardiac remodeling50 and mediates endothelial 

activation in response to oscillatory stress51. In murine macrophages, METTL3-induced 

methylation stabilizes STAT1 mRNA, which serves as a master regulator of M1 polarization, 

identifying the enzyme as a pro-inflammatory regulator25. Opposite to human Mϕ, mouse 

dendritic cells seem to rely on METTL3-mediated mRNA m6A methylation for enhanced 

expression of the co-stimulatory ligands CD40 and CD80, rendering them more effective 

antigen-presenting cells26. Notably, Mϕ from CAD patients responded to changes in their 

metabolic environment, e.g. elevation of oxLDL, to reprogram their functional activities, 

classifying the high expression of METTL3 as a maladaptive mechanism.

The functional adaptation of Mϕ in CAD patients is best captured by a combination of 

excess inflammatory activity with a defect in APC function. Hybrid Mϕ with strong pro-

inflammatory capabilities and lacking proficiency in host protection deviate the immune 

system of CAD patients, producing inappropriate cytokine release while compromising 

T-cell stimulation. This dilemma has relevance during SARS-CoV2 infection, known to 
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produce a deleterious cytokine storm while attempting to develop protective immunity. The 

reprogramming of CAD Mϕ amplifies the negative effects of pro-inflammatory commitment 

and the lack of appropriate T-cell stimulatory capacity. The molecular mechanisms described 

here offer opportunities to reeducate CAD Mϕ to rescue their quintessential contribution 

to host protection. Reducing exposure of monocytes to oxLDL could provide a preventive 

measure. More promising would be to directly manipulate the inappropriate activity of 

METTL3, to reduce the burden of m6A modification. Two interventions proved beneficial in 

enhancing anti-viral T cell reactivity: knockdown of METTL3 and treatment with the m6A 

inhibitor 3-DAA. Improved expansion of anti-viral CD4+ T cells in vivo are encouraging as 

such strategies of immune engineering could be translated to the patient. Such mechanism-

oriented immune interventions could be valuable during both vaccination and during the 

natural viral infection. Alternatively, blocking access to CD155 or CD96/TIGIT could 

provide an elegant approach to optimize induction of adaptive immunity and improve the 

outcome of both vaccination and viral infection in high-risk individuals with pre-existing 

cardiovascular disease.

Methods

Patients

Patients were defined to have coronary artery disease if they had a history of coronary 

bypass surgery, history of coronary stent placement or documented myocardial infarction. 

To eliminate inflammatory activity directly related to myocardial ischemia, 87 patients 

were enrolled that were at least 90 days post event. Detailed clinical features of enrolled 

patients are displayed in Extended Data Table 1. Healthy controls had no evidence for 

coronary artery disease as based on evaluation by a physician. Recruitment criteria included: 

no personal history of cancer, chemotherapy, chronic inflammatory disease, chronic viral 

infection, or autoimmune disease. Since the patient samples were collected early during the 

COVID-19 pandemic, only one study subject had recorded COVID-19 infection prior to 

testing. 93.75% of study subjects carried antibodies against EBV nuclear antigen (EBNA). 

The Institutional Review Board at Stanford University and at Mayo Clinic reviewed and 

approved the study protocol. All participants were informed appropriately, written consent 

documents based on the Declaration of Helsinki were signed by all participants.

Cell culture

Peripheral blood mononuclear cells (PBMC) were purified by density gradient 

centrifugation with Lymphoprep (STEMCELL technologies) as previously describe27. 

Memory CD4+ T cells were isolated by negative selection with Easysep human cell 

isolation kits (STEMCELL Technologies, #19157). Monocytes were isolated as previously 

reported14. To induce macrophages, monocytes were treated with 20ng/ml of M-CSF 

(Biolegend) for 5 days in 10% FBS (Lonza) and were differentiated by stimulation with 

100ng/ml LPS (Sigma-Aldrich) and 100U/ml IFN-γ (Sino Biologicals) for 24 hours. 

Mϕ were detached from the culture plates with Accutase® Cell Detachment Solution 

(Innovative Cell technologies) for 10 min at 37°C. CD155 and METTL3 knock down were 

performed with Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific) using 

corresponding 10 nM siRNA (Santa Cruz Biotechnology).
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In vitro Antigen Presentation Assay

PBMC (2×106) were primed with viral antigens (1ug/ml SARS-CoV-2 spike protein, 1ug/ml 

SARS-CoV-2 nucleocapsid protein, 1ug/ml EBV Glycoprotein gp350) in RPMI 1640 

medium supplemented with 10% FBS for 5 days. For recall responses, antigen-stimulated 

PMBC were washed on Day 5 and kept in antigen-free medium for 24 hours to remove 

the antigens. On Day 6, primed PBMC were mixed with syngeneic macrophages (2×105) 

that had been loaded with antigen by overnight culture. Six hours later, T cell activation 

was measured by flow cytometry staining for the surface receptors CD69 and CD40L. 

IFN-γ production in the supernatant was quantified with the IFN-γ High Sensitivity Human 

ELISA Kit assay system (abcam). Supernatants were collected after 24 hrs of antigen 

rechallenge. Naïve and memory CD4+ T cells were isolated by negative selection with 

EasySep™ Human Naïve CD4+ T Cell Isolation Kit II (STEMCELL Technologies, #17555) 

and EasySep™ Human Memory CD4+ T Cell Enrichment Kit (STEMCELL Technologies, 

#19157) repectively.

Monocyte priming

CD14+ monocytes were isolated from PMBC of healthy individuals with EasySep™ Human 

Monocyte Isolation Kit (STEMCELL Technologies, #19359). Monocytes were cultured in 

medium supplemented with 10% plasma from human donors with known concentrations of 

triglycerides, low-density and high-density lipoproteins (LDL, HDL). Detailed lipid profiles 

are given in Extended Data Table 2. Plasma samples were categorized in triglyceride (TG) 

high; TG low, LDL low; TG low, LDL high. In parallel, monocytes were treated with 

ox-LDL (50μg/ml), LDL (100μg/ml), uric acid (10mM), β-glucan(1μM), glucose (50mM), 

HMGB-1 (100ng/ml), palmitic acid (0.5mM) and lipoic acid (1mM), respectively. After 48 

hours, METTL3 and CD155 mRNAs were quantified by RT-PCR.

Flow cytometry

Cell surface staining was performed as previously described28 Data were collected 

using a BD LSR Fortessa flow cytometer or a CYTEK NL-3000 and analyzed 

by FlowJo 10.0 (Tree Star Inc.). The following antibodies were used for staining: 

Brilliant Violet 785™ anti-human CD154 (Biolgend 310842,1:100), Brilliant Violet 

510™ anti-human CD69 Antibody (Biolgend 310936,1:100), Brilliant Violet 421™ anti-

human CD3 Antibody (Biolgend 344834,1:100), PE/Cyanine7 anti-human CD4 Antibody 

(Biolgend 34357410,1:100), Brilliant Violet 650™ anti-human CD8 Antibody (Biolgend 

344730,1:100), APC/Cyanine7 anti-human CD45RA Antibody (Biolgend 304128,1:100), 

FITC anti-human CD45RO Antibody (Biolgend 304242,1:100), PerCP/Cyanine5.5 anti-

human CD38 Antibody (Biolgend 356614,1:100), Brilliant Violet 711™ anti-human 

CD163 Antibody (Biolgend 333630,1:100), PE/Cyanine7 anti-human CD45 Antibody 

(Biolgend 368532,1:100), Brilliant Violet 711™ anti-human CD4 Antibody (Biolgend 

317439,1:100), Pacific Blue™ anti-human HLA-DR Antibody (Biolgend 307624,1:100), 

APC anti-human CD206 (MMR) Antibody (Biolgend 321110,1:100), PE anti-human 

CD155 (PVR) Antibody(Biolgend 337610,1:100). Detailed information of all antibodies 

used are listed in Supplementary Table 2.
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RNA extraction and RT-PCR

Direct-zol RNA MiniPrep kits were supplied by Genesee Scientific to extract total RNA 

from the samples. cDNA reverse transcription was performed with cDNA with High-

Capacity cDNA Reverse Transcription Kits (Thermo Fisher Scientific). SYBR Green qPCR 

Master Mix (Bimake) was used for Quantitative RT-PCR. Samples were analyzed with a 

RealPlex2 Mastercycler (Eppendorf). Gene relative expression levels were normalized to the 

expression of β-actin transcripts. Primers for RT-PCR are listed in Supplementary Table 3.

Immunofluorescence and confocal microscopy

The methods used for dual-color immunostaining have previously been described29. Cells 

were fixed with 4% paraformaldehyde solution (Affymetrix) in glass bottom tissue culture 

plates, incubated with primary antibody at 4 °C overnight, followed by fluorescence 

conjugated secondary antibody at room temperature for 2 hr. For tissue staining, 

atherosclerotic plaques were cut into 4μm thick sections and permeabilized with 0.5% 

Triton-X-100 in PBS for 20 min. Tissue sections were incubated with primary antibodies for 

overnight at 4 °C and secondary antibodies for 1 hour at 37°C. Nuclei were labeled with 

DAPI (Santa Cruz Biotechnology) for 10 mins at room temperature. Images were analyzed 

using the Olympus fluorescence microscopy system (Olympus, Tokyo, Japan) or the All-

in-One Fluorescence Microscope BZX800E system (Keyence, Kyoto, Japan). Following 

antibodies were used: CD155 Monoclonal Antibody (Thermo Fisher Scientific, MA5–

13493,1:200), CD68 Monoclonal Antibody (Thermo Fisher Scientific,MA5–13324,1:200), 

METTL3 (E3F2A) Rabbit mAb (Cell Signaling Technology 86132S,1:200), Goat anti-rabbit 

IgG (H+L), Alexa Fluor 488 (Thermo Fisher Scientific, A-11008,1:200) and Goat anti-

mouse IgG (H+L), Alexa Fluor 594 (Thermo Fisher Scientific, A-31635,1:200). Detailed 

information of all antibodies used are listed in Supplementary Table 2.

Western blotting

Techniques applied for immunoblotting have previously been reported29. Basically, cells 

were harvested and lysed with RIPA buffer (Abcam) supplemented with proteinase 

inhibitor (Thermo Fisher Scientific). Proteins were electrophoresed in 4–15% SDS-PAGE 

(Bio-Rad, 4561083) and transferred to PVDF membranes (Bio-Rad, 1620177). After 

1 hour blocking in 2% BSA, membranes were incubated with primary antibodies 

METTL3 (E3F2A) Rabbit mAb (Cell Signaling Technology 86132S,1:500) at 4 °C for 

overnight and secondary antibodies Anti rabbit IgG, HRP linked Antibody (Cell Signaling 

Technology 7074S,1:10000) at room temperature for 1 hr. Antibody binding was detected by 

SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific 34094).

RNA decay assays

To measure RNA stability, the transcription inhibitor Actinomycin D was added to the 

culture at the dose of 10 μg/ml. Samples were harvested at 0, 2, 4 and 8 hour time points. 

RNA and cDNA were prepared as described above and remaining transcripts were quantified 

with QRT-PCR.
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m6A RNA enrichment (Me-RIP)

Me-RIP assays were performed using EpiQuik™ CUT&RUN m6A RNA Enrichment kits 

(EpiGentek, P-9018). In brief, 10 μg total RNA were incubated with a beads-bound m6A 

capture antibody and isotype IgG antibody, respectively for 90 min at room temperature. 

The enriched RNA fragments were released and purified with RNA binding beads. Eluted 

mRNA was reverse transcribed into cDNA and quantified with QRT-PCR.

In vivo Antigen Presentation Assay

NSG mice were obtained from the Jackson Laboratory and maintained in specific pathogen-

free conditions at 20–22 °C and at a 12:12 h light:dark cycle. All mice had free access 

to water and food. NSG mice were immuno-reconstituted by adoptive transfer of 1×107 

PBMC as previously described30,31. Syngeneic monocytes were differentiated into Mϕ 
(1×106) and loaded with SARS-CoV-2 protein (1μg/ml) for 24 hours prior to injection 

into the mice. Reconstituted mice were primed with SARS-CoV-2 protein (10μg) or vehicle 

intraperitoneally. After 7 days, the spleen was harvested, and activated human T cells were 

evaluated by surface staining with fluorescence-conjugated anti-human CD45, CD3, CD4 

and CD38 antibodies. All experiments were approved and performed in accordance with the 

guidelines of the Institutional Animal Care and Use Committee.

Cell survival quantification

Three different approaches were used to measure the survival of Mϕ30. Live/dead staining 

was performed with the LIVE/DEAD™ Cell Imaging (488/570) (Thermo Fisher Scientific). 

The release of Lactate Dehydrogenase (LDH) by dead cells was evaluated with the Pierce 

LDH Cytotoxicity Assay (Thermo Fisher Scientific) in the culture supernatant of Mϕ. 

Relative cell viability was quantified with the AlamarBlue Cell Viability Reagent (Thermo 

Fisher Scientific). All assays were performed following the manufacturers’ instructions.

Prediction of m6A DRACH sites

The full length CD155 cDNA sequence was analyzed with the open access m6A prediction 

server SRAMP32, 12 DRACH motifs with high confidentiality score were identified. By 

analyzing a Me-RIP database from the human myeloid cell lines monomac-6 cell line 

(GSE76414)33 and Nomo-1 (GSE87190)34, 10 m6A peaks were found; most peaks were 

localized in two regions of the 3’-UTR of CD155 mRNA. We then mapped the predicted 

sites and peaks back to CD155 mRNA, yielding 6 potential DRACH sites.

RT-PCR based quantification of m6A

For site-specific detection and quantification of m6A sites, we applied a RT-PCR-based 

approach35. Retro-transcription of CD155 was performed with two different enzymes: 

Bstl and MRT, using primers including (RT+) and excluding (RT-) the m6A sites. M6A 

modification diminishes the retrotranscription capability of BstI enzyme but not MRT 

enzyme. Differences in retro-transcription between the two enzymes were detected with 

qPCR and agarose gel electrophoresis. The primer sequences are listed in Supplementary 

Table 4.
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Luciferase reporter assay

The 3’-UTR regions of CD155 with or without mutated m6A sites were cloned downstream 

of the firefly luciferase translation sequence of the pMIR-REPORT vector (Thermo Fisher). 

Activation of the luciferase reporter reflects to which degree changes in the 3’-UTR region 

regulates gene transcription. Recombinant plasmids were transfected into control or CAD 

Mϕ with Lipofectamine 3000 transfection reagent. A control Renilla luciferase plasmid 

was used to normalize the transfection efficiency. Luciferase activities were tested with 

the Dual-Luciferase® Reporter Assay System (Promega). Relative luciferase activity was 

calculated by dividing the firefly luminescence by the Renilla luminescence.

Statistics

All data analyses applied Prism graphpad 8.0.(GraphPad Software). Normal distribution of 

all data sets was confirmed. All data are shown as Mean ± SEM, values of P<0.05 were 

considered statistically significant. Two-tailed student’s t test and paired one-way ANOVA 

were applied to compare groups. Two-way ANOVA with Bonferroni’s post-test was used to 

compare data collected over time.

Data Availability

All data generated or analyzed are included in the main article and associated files. 

Source data are provided with this paper. Potential m6A DRACH sites were predicted with 

publically available data at GSE76414 and GSE87190.
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Extended Data

Extended Data Fig.1. Blunted anti-viral T cell responses in patients with coronary artery disease 
(CAD).
PBMCs were harvested from coronary artery disease (CAD) patients and healthy controls 

(CON) and stimulated with a mixture of SARS-CoV2 spike and nucleocapsid proteins 

(1μg/ml) for 5 days.

a. Gating strategy to detect T cell subpopulations. Cells in the CD4+T gate was corresponded 

to data in Fig 1c,1e,1g,1i,2h,2i,2l,2m,6d,6e,6h,6i,7i and 7j.

b. IFN-γ production by antigen-stimulated T cells in patients and controls measured over a 

period of 5 days. n=14.

c. Frequencies of antigen-reactive T cells in the CD4+ and CD8+ subpopulations. Data from 

14 controls and 12 patients

d. Comparison of CD4+ and CD8+ T cell frequencies in patients and controls. n=10.
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e. Frequencies of naïve CD45RA+ and memory CD45RO+ T cell amongst control and 

patient derived CD4+ T cells. n=6.

f. Frequencies of antigen-reactive CD4+ T cells within the naïve (CD45RA+) and memory 

(CD45RO+) population. n=6.

g.-h. T cells were stimulated with SARS-CoV2 spike (g) or nucleocapsid (h) protein. 

Percentages of CD4+ CD69+ CD40L+ and CD8+ CD69+ CD40L+ T cells were measured by 

flow cytometry. n=12 for spike, n=10 for nucleocapsid.

Individual data points are displayed. Data are mean ± SEM. Differences were compared with 

one-way ANOVA. p-value was shown on each panel.

Extended Data Fig.2. In vivo testing of antigen-reactive T cells.
NSG mice were immuno-reconstituted with human PBMC (10 million/mouse) and 

immunized with SARS-CoV-2 protein (10μg/mouse). In addition, mice received CFSE-

labeled autologous Mϕ loaded with SARS-CoV-2 protein. After 7 days, the spleen was 

harvested and activation markers on human CD3+ CD4+ T cells were analyzed by flow 

cytometry.

a. Schematic graph for the in vivo model.

b. Flow cytometric detection of CFSE+ CD163+ human macrophages in the spleen.

c. Gating strategy for human T cells in the spleen. Cells in CD3+CD4+ gate corresponded 

with Fig 1j,2n and 6j.
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Extended Data Fig.3. CD155 expression in tissue macrophages and in monocyte-derived 
macrophages
a. Single cell suspensions were generated from human atherosclerotic arteries and analyzed 

by flow cytometry. Gating strategy to identify CD68+ macrophages. Corresponded to panels 

b, c, and Extended data Fig 1.

b. Representative plot graphs from 2 tissues defining co-expression of CD206 and HLA-DR.

c. Surface expression of CD155 on different tissue macrophage clusters. Data from two 

tissues are shown.

d. Monocyte-derived macrophages (Mϕ) were treated with either LPS (100ng/ml) +IFN-

γ(100u/ml) or IL-4 (20ng/ml). Surface CD155 expression was determined by FACS. 

Representative histograms and mean ± SEM of mean fluorescence intensities from 6 

experiments. Two-tailed student t test. P value shown on figure.
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Extended Data Fig.4. Efficiency of CD155 knockdown and impact of CD155 on anti-viral 
immune responses in healthy individuals.
a. Monocyte-derived macrophages (Mϕ) were generated from patients and controls. Relative 

expression CD155 transcripts in healthy and CAD Mϕ (n=12).

Mϕ were generated as in Fig. 2 and transfected with control or CD155 siRNA.

b. CD155 transcripts were quantified by qPCR

c. CD155 expression on the surface of Mϕ detected by flow cytometry. n=8.

T cells from healthy individuals were stimulated with viral antigen-loaded Mϕ. In parallel 

cultures, anti-CD155 antibodies were added or CD155 was knocked down by siRNA 

technology. Six hours later, antigen-responsive CD69+ CD40L+ T cells were measured by 

flow cytometry.

d. IFN-γ secretion after SARS-CoV2 antigen stimulation in the absence and presence of 

anti-CD155 antibodies. n=10 each.

e. IFN-γ secretion after EBV antigen stimulation in the absence and presence of anti-CD155 

antibodies. n=5 each.
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f. Frequencies of anti-SARS-CoV2 CD69+ CD40L+ T cells after CD155 blockade. n=8.

g. Frequencies of anti-EBV CD69+ CD40L+ T cells after CD155 blockade. n=5.

h. IFN-γ release induced by SARS-CoV2 antigen-pulsed CD155 siRNA-transfected Mϕ. 

n=10.

i. IFN-γ release induced by EBV antigen-pulsed CD155 siRNA-transfected Mϕ. n= 5.

j. Frequencies of anti-SARS-CoV2 CD69+ CD40L+ T cells after CD155 knockdown. n=8.

k. Frequencies of anti-SARS-CoV2 CD69+ CD40L+ T cells after CD155 knockdown. n=5.

Individual data points are displayed. Data are mean ± SEM. Difference were compared with 

2 tail student t test. p-value was shown on each panel.

Extended Data Fig.5. Macrophage survival
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a.-d. Monocytes were isolated and differentiated into macrophages (Mϕ) with M-CSF over 5 

days. Cell survival rates were quantified by 3 different approaches:

a.-b. Simultaneous Live/dead cell staining with calcein AM (live) and BOBO-3 (dead). 

(a) Representative image from 3 independent experiments. (e) Cell survival rates from 12 

controls and 12 patients.

c. Cell death was measured by LDH release. Data from 12 controls and 12 patients.

d. Cell viability was measured d by staining with the alamarBlue cell viability reagent. Data 

from 12 controls and 12 patients.

e.-h. Monocyte-derived macrophages (Mϕ) were transfected with control siRNA, CD155-

specific si-RNA or METTL3-specific siRNA. Cell survival was quantified after 48 hrs. (e) 

Calcein AM (live) / BOBO-3 (dead) staining. Representative images from 8 experiments in 

each group. (f) Cell death rates measured in all 8 experiments. (g) LDH release measured in 

all 8 experiments. (h) AlamarBlue cell viability staining. Data from 8 experiments.

Individual data points are displayed. Data are mean ± SEM. Difference were compared with 

one-way ANOVA.
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Extended Data Fig.6. Tissue METTL3, efficiency of METTL3 knockdown, strategy of predicting 
methylation sites and Me-RIP quantification.
a. Human atherosclerotic arteries were collected and analyzed by flow cytometry as 

Extended Data Fig 3a–3b shown. Intranuclear expression of METTL3 on different tissue 

macrophage clusters.

Mϕ were generated from monocyte precursors of healthy individuals and CAD patients as in 

Fig.1.

b. Knockdown efficiency for METTL3 in control and patient-derived Mϕ. Cells were 

transfected with METTL3 siRNA and METTL3 transcripts were quantified by RT-PCR 

(n=4 experiments).
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c. METTL3 protein expression was determined by Western blotting (n=2 control-CAD 

pairs).

d. Representative histogram for CD155 expression on macrophages after knockdown of 

METTL3.

e.-f. Mϕ were treated with the m6A inhibitor 3-DAA. (e) CD155 transcripts were quantified 

by RT-PCR. N=4. (f) CD155 protein expression was measured by FACS. Representative 

histogram (left) and mean fluorescence intensity (right) from 5 experiments.

g. Scheme delineating the process of determining m6A sites on CD155 mRNA.

h. Scheme depicting the method to quantify Me-RIP.

i.-j.Immunoprecipitation of Methylated RNA (Me-RIP) with IgG control antibody.

i. CD155 mRNA was precipitated with IgG control antibody in healthy and CAD Mϕ and 

quantified by Me-RIP. N=12 experiments.

j. METTL3 was knocked down in control and CAD Mϕ by siRNA technology. CD155 

mRNA was precipitated with IgG antibody and measured by Me-RIP. N=4 experiments.

Individual data points are displayed. Data are mean ± SEM. Difference were compared with 

two tail student t test. p-value was shown on each panel.

Extended Data Fig.7. Viral antigen presentation after inhibition of m6A modification in healthy 
Mϕ.
a.-d. Mϕ generated from healthy individuals were transfected with METTL3 siRNA and 

subsequently used as antigen-presenting cells to stimulate anti-viral T cells.

a. IFN-γ release in response to SARS-CoV2 antigen quantified in 4 experiments.

b. IFN-γ release in response to EBV antigen quantified in 5 experiments.

c. Frequencies of SARS-CoV2 specific CD69+ CD40L+ CD4+ T cells measured in 6 

experiments.
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d. Frequencies of EBV specific CD69+ CD40L+ CD4+ T cells measured in 5 experiments.

e.-h. Mϕ from healthy individuals were treated with the m6A inhibitor 3-Deazaadenosine 

(3-DAA), loaded with antigen and mixed with T cells.

e. IFN- γ release in response to SARS-CoV2 antigen quantified in 4 experiments.

f. IFN- γ release in response to EBV antigen quantified in 5 experiments.

g. Frequencies of SARS-CoV2 specific CD69+ CD40L+ CD4+ T cells measured in 6 

experiments.

h. Frequencies of EBV specific CD69+ CD40L+ CD4+ T cells measured in 5 experiments.

Individual data points are displayed. Data are mean ± SEM. Difference were compared with 

one-way ANOVA.
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Extended Data Fig 8. CD155hi METTL3hi monocytes in patients with CAD
CD14+ monocytes were isolated from the blood of CAD patients and age-matched controls.

a. CD155 transcripts quantified by RT-PCR.

b. Flow cytometry for CD155 protein expression. Representative histogram and data from 5 

experiments.

c. METTL3 transcripts measured by RT-PCR(n=5).

d.-e. Quantification of METTL3 protein by immunoblot in monocytes from 5 patients and 5 

controls. β-actin served as loading control.

f. CD155 mRNA decay assay in control and CAD monocytes (n=5).

g. Methylated CD155 mRNA measured by Me-RIP in control and CAD monocytes (n=5).

Individual data points are displayed. Data are mean ± SEM. Difference were compared with 

one-way ANOVA. p-value was shown on each panel.

Extended Data Table 1.

Clinical characteristics of patients with CAD

Parameters N=87

Age (mean ± SD) 68.51 ± 8.40

Male 78.16%

Ethnicity

 Caucasian 66.7%

 African-American 11.2%

 Asian 13.8%

 Hispanic 8.0%

BMI (mean ± SD) 29.81 ± 6.70

Diabetes mellitus 24.1%

Hypertension 58.6%

Hyperlipidemia 55.2%

Family history of CAD 27.6%

EBV exposure 83.9%

Smoking

 Current 4.6%

 Former 44.8%

Coronary Artery Disease

 Myocardial ischemia 25.3%

 Coronary artery bypass grafting 29.9%

 Percutaneous Coronary Intervention 64.3%

Treatment

 ACE inhibitor 39.1%

 ATII receptor blocker 24.1%

 β-blocker 71.3%

 Ca-antagonist 20.7%

 Diuretic 13.8%

Zhao et al. Page 26

Nat Cardiovasc Res. Author manuscript; available in PMC 2023 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Parameters N=87

 Anti-platelet 68.9%

 Anti-coagulant 43.7%

 Statin 78.1%

 Biguanide 13.8%

 Insulin 10.3%

Extended Data Table 2.

Lipid profiles for plasma donors

TGhi (n=4) TGloLDLhi (n=7) TGloLDLlo (n=4)

Total cholesterol (mg/dl) 173.75±13.86 236.33±23.29 185.5±23.76

HDL (mg/dl) 40.25±9.73 70±20.93 77.25±24.98

LDL (mg/dl) 91.5±8.73 148.5±29.08 93.5±9.34

Triglyceride (mg/dl) 208.75±34.83 90±19 74.25±14.94

Non-HDL-C (mg/dl) 133.5±5.39 166.33±31.25 100±22.17

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Blunted anti-viral T cell responses in patients with coronary artery disease (CAD).
a. Experimental design. Peripheral blood mononuclear cells (PBMC) were stimulated with 

viral protein antigens (1μg/ml) for 5 days.

b-c. PBMC were stimulated with SARS-CoV2 spike and nucleocapsid antigens for 5 days. 

IFN-γ was quantified in supernatants (b, n=15). Frequencies of CD4+ CD69+ CD40L+ T 

cells were measured in 29 controls and 26 patients. Representative dot plots and summary 

data are shown (c).
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d-e. PBMC were stimulated with EBV glycoprotein 350 for 5 days. IFN-γ concentrations 

(d) and frequencies of CD4+ CD69+ CD40L+ T cells (e). Representative dot blots and 

summary data are presented (n=16 patients and 16 controls).

f-g. T cells were primed with viral antigens for 5 days and restimulated with autologous 

antigen-loaded monocyte-derived macrophages (Mϕ). IFN-γ release (f, n=10 patients and 

controls) and frequencies of CD69+ CD40L+ T cells (g, n=18 patients and 19 controls) in 

response to SARS-CoV2 antigen-loaded Mϕ.

h-i. Antigen-induced IFN-γ release and frequencies of CD69+ CD40L+ T cells in response 

to Mϕ loaded with EBV antigen (n=16 patients and 16 controls).

j. Frequencies of CD4+ CD38+ human T cells in the spleen of immuno-deficient mice that 

were reconstituted with patient-derived or control PBMC and immunized with SARS-CoV2 

spike protein (n=6 patients and 5 controls)

k-l. T cell responses to SARS-CoV2 spike protein in patients and controls that 

had completed vaccination with mRNA-based COVID19 vaccine. IFN-γ secretion and 

frequencies of antigen-reactive CD69+ CD40L+ T cells. Individual data points are displayed.

Data in Fig.1b–j are shown as mean ± SEM. Paired or unpaired one-way ANOVA were used 

to analyze the difference. P-values shown in each panel.
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Fig. 2. CD155hi macrophages suppress anti-viral T cell responses
a-c. Monocyte-derived macrophages (Mϕ) were generated from patients and controls. Gene 

expression signature for 14 immune checkpoint genes in healthy and CAD Mϕ (n=6). qPCR 

results shown as a heat map (a). Flow cytometry of CD155 surface expression in healthy and 

CAD Mϕ. Representative histograms and summary data from n=27 controls and 27 patients 

are shown (b). Confocal immunofluorescence of CD155 protein expression in healthy and 

CAD Mϕ. Representative images from 3 independent experiments (c).

d. Fluorescence microscopy of atherosclerotic plaque tissue sections stained for CD68 

(green) and CD155 (red). Representative images from 4 experiments.
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e. Correlation of antigen-induced IFN-γ release and Mϕ CD155 expression in n=34 CAD 

patients.

f-g. IFN-γ secretion after SARS-CoV2 antigen (f, n=10) or EBV antigen (g, n=5) 

stimulation in the absence or presence of anti-CD155 antibodies.

h-i. Frequencies of CD69+CD40L+ T cells induced by SARS-CoV2 antigen (h, n=8) or 

EBV antigen stimulation (i, n=5) with and without CD155 blockade.

j-m. Mϕ were transfected with control or CD155 siRNA prior to antigen loading. IFN-γ 
induction after stimulation with SARS-CoV2 antigen (j, n=10) or EBV antigen (k, n=5). 

Frequencies of SARS-CoV2-reactive CD69+ CD40L+ T cells. (l, n=6) and EBV-reactive 

CD69+ CD40L+ T cells (m, n=5).

n. In vivo anti-SARS-CoV-2 T cell responses were measured in immuno-deficient NSG 

mice that were reconstituted with human PBMC and immunized with viral protein. Mϕ 
were transfected with control or CD155 siRNA before the adoptive transfer. After one week, 

antigen-induced human CD4+ CD38+ T cells were measured in the spleen. Representative 

dot blots of CD4+ CD38+ T cells and frequencies of CD4+ CD38+ T cells. Data from 5 

experiments. Data are mean ± SEM. Comparison by one-way ANOVA. Correlation analysis 

with linear regression. P-values shown in each panel.
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Fig.3. Expression of the CD155 receptors TIGIT and CD96 on activated memory CD4+ T cells
a-d. CD4+ CD45RO+ memory T cells isolated from healthy individuals and CAD patients 

were stimulated with anti-CD3/anti-CD28 for 5 days. Kinetics of TIGIT (a) and CD96 (b) 

transcript expression measured by RT-PCR (n=4 patients and 4 controls). UMAP clustering 

of multi-parametric flow cytometry data. The expression of the co-inhibitory receptors 

TIGIT (c), CD96 (d), PD-1 (e), and CD226 (f) is indicated. Each dot plot concatenates data 

from 6 experiments.
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g-h. PBMCs were stimulated with SARS-CoV2 proteins (1μg/ml) for 5 days. Total CD4+ T 

cells and antigen-reactive CD40L+ T cells were isolated and TIGIT (g, n=12) and CD96 (h, 

n=16) transcripts were measured by RT-PCR.

Data are mean ± SEM. Comparison by one-way ANOVA. P-values shown in each panel.
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Fig. 4. The N6-Adenosine Methyltransferase-like 3 (METTL3) stabilizes CD155 mRNA in CAD 
macrophages
a-d. Monocyte-derived Mϕ were generated from controls and CAD patients. CD155 mRNA 

was quantified after treatment with the transcription inhibitor actinomycin D (3μg/ml; 

0–8 hours) (a, n=6). Transcripts of 12 m6A-related genes measured by RT-PCR. Data 

shown as heatmaps (b, n=14). RT-PCR quantification of METTL3 transcripts (c, n=14). 

Immunoblotting of METTL3 protein. β-actin served as control. Representative blot and data 

from 18 patients and 18 controls (d).
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e. METTL3 (green) in CD68+ tissue residing Mϕ (red) in atherosclerotic plaque tissue 

sections. Representative images from 4 experiments.

f. t-SNE clustering of multi-parametric flow cytometry data from Mϕ isolated from human 

atherosclerotic arteries. Expression patterns of HLA-DR, CD206, CD155 and METTL3 

indicated by color code. Each dot plot concatenates data from 2 tissues.

g-i. siRNA-mediated METTL3 knockdown in control and CAD Mϕ. CD155 transcripts 

measured by RT-PCR (g, n=5). CD155 surface expression analyzed by flow cytometry (h, 

n=8). Confocal immunofluorescence staining for CD155 (red). Images are representative of 

3 independent experiments (i).
Each point represents one patient or one healthy control. Data are mean ± SEM. Comparison 

by two-tailed unpaired student t-test (b, d), two-tailed paired student t-test (g, h). P-values 

are shown in each panel.
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Fig.5A. modification on 1635A and 3103A enhances the stability of CD155 mRNA.
a. Scheme of CD155 genomic organization, potential m6A sites, strategy of retro-

transcription and RT-PCR for mapping of m6A sites.

b-c. PCR of retro-transcribed Mϕ RNA using m6A (+) and (−) primers and Bstl and 

MRT enzymes. m6A-RT-PCR for different m6A sites on CD155 transcripts (b, n=6). 

Representative agarose gel electrophoresis of PCR products for different m6A sites on 

CD155 Transcripts (c).

d. Design of the m6A point mutations in the 3’-UTR region of CD155.
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e-f. Dual luciferase reporter assays for m6A sites in the 3’-UTR region of CD155. (e) 

1635A, (f) 3103A (n=6).

g-h. Dual luciferase reporter assays for m6A sites in the 3’-UTR regions of CD155 after 

METTL3 knockdown. (g) site 1635A, (h) site 3103A (n=6).

i-j. Methylated RNA immunoprecipitation (Me-RIP) assay to quantify M6A. Methylated 

CD155-specific mRNA in control and CAD Mϕ measured by Me-RIP (i, n=12). Methylated 

CD155 mRNA determined by Me-RIP after siRNA-mediated METTL3 knockdown (j, n=4).

k. CD155 mRNA decay assay in Mϕ treated with the M6A inhibitor 3-DAA or transfected 

with METTL3 siRNA (n=4).

Each point represents one patient or one healthy control. Data are mean ± SEM. 

Comparisons by unpaired Student t-test (b,i and j), one-way ANOVA (e-h), and two-way 

ANOVA (k). P-values shown in each panel.
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Fig.6. 
Suppressing N6-Adenosine modification of CD155 mRNA restores antiviral T cell 

responses.

a. SARS-CoV-2 antigen-induced T cell responses were analyzed as described in Fig.1. 

Correlation of antigen-induced IFN-γ released by T cells and the protein level of METTL3 

in Mϕ from n=18 CAD patients.

b-e. METTL3 was knocked down in Mϕ by si-RNA technology before examining their 

ability to induce T cell responses. IFN-γ release in response to SARS-CoV2 antigen (b) 

and EBV antigen (c) stimulation was measured in 4–5 experiments. Frequencies of SARS-
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CoV2-specific CD69+ CD40L+ CD4+ T cells (d) and EBV-specific CD69+ CD40L+ CD4+ T 

cells (e) was measured in 5 experiments.

f-i. CAD Mϕ were treated with the m6A inhibitor 3-deazaadenosine (3-DAA) or vehicle. 

IFN-γ release in response to SARS-CoV2 (f, n=4) and EBV antigen (g, n=5) stimulation 

was quantified. Frequencies of SARS-CoV2-specific (h, n=4) and EBV-specific CD69+ 

CD40L+ CD4+ T cells (i, n=5) measured by flow cytometry.

j. To analyze the role of N6-adenosine-methyltransferase in antiviral T cell responses in 

vivo, METTL3 was knocked down in CAD Mϕ prior to their transfer into NSG mice. 

Chimeras were immunized with SARS-CoV-2 antigen and CD4+ CD38+ T cells were 

identified in the spleen. n=5 experiments.

Individual data points are presented. Data are mean ± SEM. Comparisons by one-way 

ANOVA. Correlation was analyzed by linear regression. P-values are shown in each panel.
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Fig. 7. Induction of CD155 and METTL3 mRNA expression in monocytes
a-d. CD14+ monocytes were isolated from healthy individuals and cultured in human 

plasma (10%) for 48 hrs. Transcripts specific for METTL3 (a-b) and CD155 (c-d) were 

quantified by RT-PCR. Expression levels of METTL3 and CD155 mRNA were correlated 

with LDL (a, c) and triglycerides (b, d) concentrations in 14 different plasma samples.

e-f. CD14+ monocytes were isolated from healthy individuals and primed with the indicated 

stimuli for 48 hr. METTL3 and CD155 mRNA levels were quantified by RT-PCR. Results 

are given as violin blots.
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g-j. Mϕ from healthy individuals were treated with oxLDL for two days, then loaded with 

antigen and mixed with T cells to measure induction of antigen-specific T cell immunity. 

IFN-γ release in response to SARS-CoV2 antigen (g) and EBV antigen (h) was quantified 

in 5 experiments. Frequencies of SARS-CoV2 -specific CD69+ CD40L+ CD4+ T cells (i) 
and EBV-specific CD69+ CD40L+ CD4+ T cells (j) were measured in 5 experiments.

Individual data points are displayed. Data shown as mean ± SEM. Comparison by one-way 

ANOVA (e, f) and paired t-test (g-j). Correlations analyzed by linear regression. P-values 

indicated in each panel.
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Fig.8. Immunosuppressive macrophages in coronary artery disease.
Upper panel: In healthy Mϕ, the methyltransferase METTL3 is expressed at a low level, 

CD155 mRNA is relatively unstable and Mϕ presenting viral antigens stimulate antigen-

specific T cells that differentiate into memory and effector T cells.

Lower panel: High expression of the methyltransferase METTL3 increases m6A 

modifications on CD155 mRNA, which stabilizes the transcripts and results in high surface 

expression of CD155 protein. CD155 transmits a “stop signal” to T cells that express the 

CD155 receptors TIGIT or CD96, effectively suppressing anti-viral immunity.
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